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I 

The p r imary  r o l e  o f  t h e  gas phase i n  low-rank coal l i q u e f a c t i o n  appears t o  be 
the s t a b i l i z a t i o n  o f  p y r o l y s i s  products  from the  coa l  v i a  hydrogenation and, t o  a 
much lesse r  e x t e n t  ( i n  a n o n - c a t a l y t i c  system), hydrogenation o f  coal  l i q u i d s .  
Hydrogen donor compounds and, t o  a l esse r  ex ten t ,  t h e  b u l k  o f  the so l ven t  perform 
s i m i l a r  f unc t i ons ;  t h a t  i s  t o  p rov ide  another  source o f  hydrogen i n  a d d i t i o n  t o  
t h a t  i n  t h e  gas phase t o  quench f r e e  r a d i c a l s .  Solvent  e f f e c t s  w i l l  n o t  be d i s -  
cussed i n  t h i s  paper. Carbon monoxide and water a r e  the favored reac tan ts  over  
pure hydrogen a t  a l l  temperatures from 350°C t o  48OOC f o r  t he  l i q u e f a c t i o n  o f  
low-rank coals .  The amount o f  carbon monoxide consumed i s  dependent on the  quan- 
t i t y  o f  coal  present ,  i n d i c a t i n g  t h a t  t h e  d r i v i n g  f o r c e  i s  t he  number o f  r e a c t i v e  
s i t e s  i n i t i a l l y  present  i n  t h e  coa l .  

EXPERIMENTAL 

Time Sampled Batch Autoc lave 
Studies on ba tch  k i n e t i c s  were c a r r i e d  o u t  i n  a 1 - l i t e r ,  m a g n e t i c a l l y - s t i r r e d  

autoclave, which i s  o u t f i t t e d  t o  enable the  charg ing o f  a s l u r r y  t o  t he  preheated 
reac to r  and f o r  t imed sampling o f  t h e  gas and s l u r r y  phase du r ing  the  course o f  an 
experiment. Hot  cha rg ing  b r i n g s  t h e  s l u r r y  t o  temperature i n  under 3 minutes, 
thereby e l i m i n a t i n  t h e  1-  t o  2-hour heat-up associated w i t h  t y p i c a l  autoc lave 
opera t i on  (1,~). X t e r n a t e l y ,  the s l u r r y  can be charged a t  an i n te rmed ia te  tempera- 
t u r e  and heated i n  stages t o  observe the  e f f e c t s  o f  temperature change. An example 
o f  pressure, temperature, and gas composi t ion data obta ined where the  autoc lave was 
charged a t  room temperature and heated t o  r e a c t i o n  temperature i s  depic ted i n  
F igu re  1. 
sumption o f  carbon monoxide i s  k i n e t i c a l l y  r a p i d  a t  temperatures above about 350°C. 
The experimental c o n d i t i o n s  f o r  data repo r ted  i n  t h i s  paper a r e  g i ven  i n  Table 1 .  

/ 

4 One t h i n g  t o  no te  i s  t h a t  t h e  p roduc t i on  o f  carbon d i o x i d e  and the con- 

Coal 

near Beulah, Nor th Dakota (Sample B3). 
e a r l i e r  (2 ) .  
d iox ide  a 7  temperatures as low as 2OOOC (3). 
and can spontaneously combust. 
i n  lump fo rm and p u l v e r i z e d  j u s t  p r i o r  t o  use. 

(5) a t  GFETC under an Associated Western U n i v e r s i t y  g ran t .  

hydrocarbon gases, r e s p e c t i v e l y .  These data a re  i n  agreement w i t h  p r e v i o u s l y  
repor ted d i s t i l l a t i o n  assay da ta  (5).  
charged a t  the end o f  a r u n  i s  s l i g h t l y  increased over  t h e  amount charged due t o  
CO2 product ion.  
c e n t r a t i o n  of about 5 mole p c t  i s  t y p i c a l .  

The coal u t i l i z e d  i n  the  experiments was a l i g n i t e  obta ined from a mine loca ted  

L i g n i t i c  coa ls  a r e  ve ry  r e a c t i v e  and a re  r e p o r t e d  t o  evolve carbon 
Prox imate-u l t imate data have been presented 

Dr ied  l i g n i t e s  r e a d i l y  r e a c t  w i t h  a i r  

The B3 l i g n i t e  sample was pyro lyzed i n  a stream o f  i n e r t  gas a t  500°C by Timpe 

Coal samples a r e  t h e r e f o r e  s to red  wet under n i t r o g e n  

The sample produced 
0.17, 2.n5, 14.92, 1.50, 2nd 0.67 k!t p r t  !MA.? C!??! !  ef H:, C0, CC2, CF4, end r:-rn 

I n  batch autoc lave t e s t s ,  t h e  t o t a l  gas d i s -  

For a charge o f  3 moles o f  gas and 50 gm o f  MAF coal ,  a C02 con- 
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TABLE 1 

Experimental Conditions f o r  Reported S tudies  

I Figure- 
Curve 

2,3 
2,3 
2 ,3  
4-1 
4-2 
4-3 
5-4 
5-5 
5-6 

Range of 
Run Temp. 

("C) 

30 400-470 
21 400-480 
22 400-480 
34 400-440 
35 206-440 

39-2 400-480 
39-1 350-470 
62 350-470 

32 440 

I 

Reactants  Charged 

COP H2 Lignite Solvent  H20 
MAF Total 

(moles) (moles) (qm) (gm) 

1.8 1 .6  
1 . 8  1 .6  
1 . 8  1.6 
4.0 -- 
4.0  -- 
4.0  -- 
3.1 -- 
3.5 - -  
2.6 -- 

44 -- 
-- 
51 
45 
26 
52 

140 

163 42 _- 50 
200 50 -- 50 
182 1 
164 40 

92 23 
192 47 
238 63 

L i g n i t i c  coals  a l s o  produce about 10 w t  pc t  (MAF c o a l )  of  water  dur ing  pyrol-  

This i s  
y s i s .  This water was most probably bound as water o f  hydration (such a s  i n  c lays  
o r  i n  humic acid s t ruc tures)and  would not be l o s t  during drying a t  110OC. 
p o t e n t i a l l y  " inherent"  water  t h a t  could r e a c t  w i t h  carbon monoxide v ia  the s h i f t  
r e a c t i o n .  

Solvent  

cene o i l .  
o f  t h e  s l u r r y  charged) t o  minimize coking during rapid heat-up. 
gas  composition changes, t h e  so lvent  pr imar i ly  e f f e c t s  methane product ion ( 1 ) .  As 
w i l l  be discussed l a t e r ,  t h e  so lvent  does n o t  e f f e c t  observed C02 or CO va lues  and 
only  s l i g h t l y  e f f e c t s  observed H2 values .  

Gas Analysis  
Gas samples were analyzed by on- l ine  GC,  e l imina t ing  any a i r  d i l u t i o n s .  

column used was a 1 2  t o  1 4 - f t ,  1/4-inch 316 SS tube packed w i t h  Porapak QS. The 
GC was a Gow Mac maintained a t  50°C employing argon a s  t h e  c a r r i e r  gas. 
argon c a r r i e r  gas r e s u l t s  i n  high hydrogen s e n s i t i v i t y  (0 .02 mole p c t ) ,  moderate 
s e n s i t i v i t y  f o r  CO2 and CH4 (0.1 t o  0 .3  mole p c t ) ,  and poor s e n s i t i v i t y  f o r  propane 
(0 .5  mole p c t ) .  Cal ibra t ion  gas and r e a c t a n t  gases were purchased pre-mixed from 
a local  s u p p l i e r .  

da ta  i n d i c a t e  t h a t  CO2 and CH4 a r e  p r e f e r e n t i a l l y  d isso lved  r e l a t i v e  t o  H2 and CO 
( 1 )  i n  the l i q u i d  phase. 
in the s l u r r y  to  those  i n  t h e  gas phase were 0.87, 0.74, 1 .38,  and 1.10, respec- 
t i v e l y ,  a t  435'C and 4500 p s i .  
(STP)/gm s l u r r y ;  about 0 . 3  moles f o r  a 200-gm charge,  which was an order  of  magni- 
tude  l e s s  than i n  the gas phase, assuming a l l  of the so lvent  was i n  the  s l u r r y  
phase. 
f o r e ,  t h e r e  would be only about 0.1 t o  0.2 moles o f  dissolved gas ,  which would have 
1 i t t l e  e f f e c t  on the composition of  the analyzed gas phase. 
charged p lus  the  moles of methane produced were found t o  be equal t o  the moles of 
gas  metered from the autoclave a t  the end o f  an experiment plus  the gas l o s t  during 
sarnpl ing. 
of c02 from l i g n i t e .  
CO2 and C O  a t  the end of an experiment. 

The solvent  used i n  the experiments was mainly a commercially obtained an thra-  
In autoclave work the  so lvent  was spiked w i t h  t e t r a l i n  (about  7 w t  pct 

In t h e  observed 

The 

U t i l i z i n g  

The gas samples were removed from the gas phase of the autoclave.  Previous 

Rat ios  of t h e  mole pct  of H2,  CO,  CO2,  and CH4 dissolved 

However, t h e  value of dissolved gas was 37 ml 

For t h e  so lvent  i n  these  tes ts ,  40 t o  60 p c t  was i n  t h e  gas phase; there-  

The moles of  gas 

Only spec ia l  experiments enabled t h e  observat ion of t h e  d i r e c t  production 
In most cases  the moles of CO charged equaled t h e  moles o f  
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RESULTS 

Experiments have been made t o  determine how CO and CO-hydrogen i n t e r a c t  w i t h  
t h e  r e a c t o r  wa l l s ,  water ,  so lvent ,  wet coa l ,  and d r y  coal .  

I n  Runs 21, 22, and 30, H2-CO (50:50 w t  p c t )  was reacted w i t h  water, water- 
so l ven t ,  and water-so lvent-coal ,  r e s p e c t i v e l y ,  i n  temperature-stepped experiments. 
The changes i n  the gas phase concen t ra t i ons  o f  CO and H2 a r e  depic ted i n  F igures 2 
and 3. For water and w a t e r - o i l  systems (F ig .  2), CO i s  s l o w l y  consumed o n l y  a t  
temperatures above 400°C. 
o f  CO even a t  temperatures below 400°C. I n  t h e  wa te r -on l y  experiments, t h e  amount 
o f  CO consumed i s  t h e  same as the  amount o f  hydrogen produced. However, i n  water-  
o i l  and i n  wa te r -o i l - coa l  systems, a s l i g h t  hydrogen decrease (note expanded scale)  
i s  observed (F ig .  3) .  I n  systems w i t h  o i l  o r  o i l - c o a l  present ,  some o f  t h e  decrease 
i s  due to  d i l u t i o n  (hydrocarbon gas p roduc t i on  and/or t he  d i r e c t  p roduc t i on  of C02 
f rom coal caused an i nc rease  o f  about 10 p c t  i n  t h e  t o t a l  gas i n  t h e  r e a c t o r  by the  
end o f  a run ) .  As i n d i c a t e d  by t h e  data,  s l i g h t l y  more H2 appears t o  be consumed 
when coal i s  p resen t  i n  t h e  o i l .  These data a l s o  i l l u s t r a t e  t h a t  CO i s  p re fe ren -  
t i a l l y  reacted a t  a l l  temperatures. 

F igure 4 d e p i c t s  data f o r  r e a c t i o n  o f  CO w i t h  d r y  and wet c o a l - o i l  s l u r r y .  For 
comparison, data f rom Run 34 a re  shown where no coal  o r  o i l  was present. Run 32 was 
a hot-charge experiment, which shows the r a p i d  i n i t i a l  CO consumption when wet 
l i a n i t e  i s  oresent. I n  Run 35. t h e  l i q n i t e  was d r i e d  i n  t h e  so l ven t  a t  110°C w i t h  a 

Adding wet l i g n i t e  d r a m a t i c a l l y  increases the consumption 

i 

n i t r o g e n  pukge p r i o r  t o  charging. Whiie Run 35 was a slow heat-up w i t h  temperature 
s tepp ing  (1  h r  a t  400°C and 1 h r  a t  44OoC), CO consumption and CO2 p roduc t i on  were 
e s s e n t i a l l y  complete when 400°C was reached, and ve ry  l i t t l e  hydrogen was produced. 

The amount o f  CO consumed has a l s o  been found t o  be dependent on the amount of 
coa l  charged. F igu re  5 d e p i c t s  CO consumption when 26, 52, o r  140 gms o f  MAF l i g -  
n i t e  were charged t o  t h e  autoc lave.  
95  p c t  o f  t he  CO charged was consumed. The shaded areas ( t h e  d i f f e r e n c e  between the 
t o p  and bottom l i n e s )  i n d i c a t e  the  moles o f  H2 observed versus t ime. When 140 gms 
o f  l i g n i t e  was present ,  t h e  amount o f  hydrogen observed was g r e a t l y  reduced, i n d i -  
c a t i n g  t h a t  a d i r e c t  r e a c t i o n  w i t h  l i g n i t e  t o  produce CO2 i s  favored over reac t i ons  
t h a t  would produce b o t h  CO2 and H2. 

For Run 62, where 140 gms were charged, over 

I 
CONCLUSIONS 

The data t h a t  have been presented suppor t  t h e  f o l l o w i n g  conclus ions:  

a )  The s h i f t  r e a c t i o n  

CO + H20 4 H2 + CO2 

i s  n o t  ca ta l yzed  by the  r e a c t o r  w a l l s  o r  an aromatic so l ven t  
(F igs .  2 and 4). However the  so l ven t  does undergo some slow 
hydrogenat ion (F ig .  3 ) .  

The presence o f  l i g n i t e  ca ta l yzes  the  s h i f t  reac t i on ,  b u t  a 
r e a c t i o n  such as 

b)  

CO + (Oxy-Lig) + CO2 + L i g '  

CO + (H20-Lig) + CO2 + (H2-Lig) 
- .̂  
"I 

i s  favored, e s p e c i a l l y  a t  lower  temperatures (F igs .  1 and 5). 

I 

I 
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c )  The repo r ted  e q u i l i b r i u m  values ( 6 )  f o r  t he  s h i f t  r e a c t i o n  decrease 
w i t h  i nc reas ing  temperature from 28.25 a t  327OC t o  6.3 a t  527OC. 
I n  runs w i thou t  l i g n i t e ,  t he  concen t ra t i on  o f  CO s t e a d i l y  decreases 
a t  a l l  temperatures w i t h  t ime  and i s  a t  a l l  exper imenta l  t imes f a r  
f rom an e q u i l i b r i u m  value. Wi th  coal  present ,  t h e  amount o f  CO con- 
sumed i s  d i r e c t l y  dependent on t h e  amount o f  coal charged. 
i n d i c a t e s  t h a t  t he  coal  has a c e r t a i n  number o f  r e a c t i v e  s i t e s  and 
t h a t  when they  have reacted,  the r e a c t i o n  e s s e n t i a l l y  s tops.  Whi le  
t h e  s h i f t  r e a c t i o n  i s  no doubt occu r r i ng ,  i t  does n o t  appear t o  be 
t h e  most impor tant  reac t i on ,  a t  l e a s t  n o t  i n  these experiments. 

H2 i s  produced v i a  the  s h i f t  r e a c t i o n  ( F i g .  5)  i n  CO-H20 systems. 
However, s ince i t s  concen t ra t i on  does n o t  increase when both H2 and 
CO-H20 reac tan ts  are present  (F ig .  3 ) ,  hydrogen must be r e a c t i n g .  
However, the n e t  consumption o f  charged hydrogen i s  smal l  compared t o  
t h a t  o f  CO. 
than hydrogen. 

T h i s  

d)  

Therefore, i n  compe t i t i ve  r e a c t i o n s  CO r e a c t s  more r a p i d l y  

The preceding statements re-emphasize the  f a c t  t h a t  CO undergoes r e a c t i o n s  w i t h  
l i g n i t e  t h a t  are k i n e t i c a l l y  more favo rab le  than those w i t h  hydrogen, and t h a t  these 
reac t i ons  a re  favo rab le  throughout t h e  temperature range s tud ied  (350-480OC). 
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Figure 1. - Gas phase composition changes w i t h  t ime f o r  a slow heat-up 
batch autoc lave experiment. 

Figure 2. - Temperature and charge composit ion e f f e c t s  on the CO concentra- 
t i o n  versus time. 

Figure 3. - Temperature and charge composition e f f e c t s  on the hydrogen 
concen t ra t i on  versus time. 

F igure 4. - The consumption o f  CO versus time when 1) CO+H20; 2 )  CO + 
d r y  s l u r r y ;  and 3) CO + wet s l u r r y  are reacted. 

F igure 5. - The consumption o f  CO versus t ime f o r  d i f f e r e n t  amounts o f  
coa l .  The shaded area ( t o p  l i n e  minus bottom l i n e )  i s  the 
moles o f  H2 produced. 
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